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151Popliteal artery aneurysms differ from abdominal
aortic aneurysms in cellular topography and
inﬂammatory markers
Rob Hurks, MD, PhD,a,b Rogier H. J. Kropman, MD, PhD,c Claire W. A. Pennekamp, MD,a
Imo E. Hoefer, MD, PhD,b Jean-Paul P. M. de Vries, MD, PhD,c Gerard Pasterkamp, MD, PhD,b
Aryan Vink, MD, PhD,d and Frans L. Moll, MD, PhD,a Utrecht and Nieuwegein, The Netherlands
Objective: Popliteal artery aneurysms (PAAs) and abdominal aortic aneurysms (AAAs) frequently coincide; however,
symptoms differ. We systematically assessed aneurysm cellular wall composition and inﬂammatory markers to compare
both anatomic locations.
Methods: Aneurysmal walls of 38 PAAs and 198 AAAs were harvested from patients undergoing elective open surgical
repair. Elastin, collagen, smooth muscle cells, iron, and inﬂammatory cells were quantiﬁed by immunohistochemistry. In
addition, protease and cytokine levels were measured.
Results: Aneurysmal degradation resulted in similarly degraded media. The location of inﬂammation differed: the focus
for T and B lymphocytes and plasma cells was the intima in PAAs (all P < .001) and the adventitia for AAAs (all P < .001).
Iron was more often observed in PAAs than in AAAs (68% vs 1%; P < .001), indicating more previous intramural
hemorrhages. Matrix metalloproteinase 2 activity was higher in PAAs than in AAAs (median [interquartile range], 0.363
[0.174-0.556] vs 0.187 [0.100-0.391]; P [ .008), whereas matrix metalloproteinase 9 showed no difference. Walls of
AAAs were richer in tested cytokine levels than were walls of PAAs.
Conclusions: PAAs showed more signs of previous intramural hemorrhages compared with AAAs. In addition, inﬂam-
mation in PAAs is mainly located in the intima, whereas its focus in AAAs is the adventitia. These results suggest
important differences in the pathophysiologic mechanism of aneurysm formation between these locations and might
explain the differences in presentation on diagnosis. (J Vasc Surg 2014;60:1514-9.)Despite different anatomic locations and different wall
compositions, the elastic aortic artery and the muscular
popliteal artery have comparable elastic artery-like mechan-
ical properties in aged healthy individuals.1 Both arteries
can suffer from aneurysmal degradation; however, aneu-
rysm formation is most commonly found in the abdominal
aorta (AAA), with a prevalence of 5% to 10% in men aged
65 to 79 years.2 Popliteal artery aneurysms (PAAs) form
the second most frequently found aneurysm, with a preva-
lence of 1% in the same age category.3 Both aneurysms
frequently coincide; 5% to 10% of patients with an AAA
may be affected with a PAA,4-6 and about 40% of patientsthe Department of Vascular Surgery,a Experimental Cardiology
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4with a PAA also have an AAA.7,8 The frequency and nature
of symptoms are different. Approximately two thirds of
patients with a PAA will be symptomatic at the time of
diagnosis, most frequently with thromboembolic compli-
cations, and <2% of patients present with a ruptured
PAA.7,9 In contrast, patients with an AAA are mostly
asymptomatic at the time of diagnosis, and when they
are symptomatic, rupture is the most frequently observed
symptom, leaving only 5% of AAAs diagnosed by distal
embolization.10
AAAs and PAAs are often regarded as the result of
similar processes.11,12 Given the differences in symptoms,
complications, and anatomic location, we aimed to ﬁnd
an explanation for the described similarities and differences
by systematically assessing the aneurysm wall composition
for cellular and structural components of PAAs and
AAAs. Subsequently, we wanted to assess differences in in-
ﬂammatory markers and proteases between both groups.
METHODS
Aneurysm-Express Biobank. The Aneurysm-Express
Biobank is a prospective cohort study, and its design was
described previously.13 Brieﬂy, all patients scheduled for
open aneurysm repair at the University Medical Center
Utrecht and St Antonius Hospital Nieuwegein were asked
to participate in this study. The indication for open surgical
repair was according to international standards and when
endovascular treatment was not appropriate.14 Patients
with terminal malignant diseases were excluded. The
Table I. Baseline characteristics
Characteristicsa AAA (n ¼ 198) PAA (n ¼ 38) P value
Age, years 71.0 (64.7-76.0) 65.0 (60.0-73.0) .010b
Male sex 160 (82) 36 (95) .040b
Current smoker 94 (48) 17 (45) .678
Diabetes type 2 31 (16) 6 (16) .984
Hypertension 141 (72) 26 (68) .661
Coronary artery disease 78 (40) 12 (32) .325
Chronic obstructive pulmonary disease 41 (21) 5 (13) .282
Body mass index, kg/m2 25.6 (23.6-28.0) 27.1 (25.6-28.1) .118
Aneurysm diameter, mm 61 (56-71) 30 (21-46) <.001b
Coinciding PAA 4 (2)
Coinciding AAA 15 (39)
Coinciding contralateral PAA 17 (45)
History of any other aneurysm detected 23 (12) 20 (53) <.001b
Statin use 119 (61) 21 (55) .396
Aspirin use 134 (69) 23 (61) .742
ACEI use 70 (36) 13 (34) .816
Angiotensin II receptor blocker use 35 (18) 7 (18) .884
Hospital stay, days 10.0 (8.0-14.0) 6.0 (4.0-9.0) <.001b
AAA, Abdominal aortic aneurysm; ACEI, angiotensin-converting enzyme inhibitor; PAA, popliteal artery aneurysm.
aContinuous data are presented as median (interquartile range) and categorical data as number (%).
bP < .05.
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study, and participants provided written informed consent.
Baseline data were obtained from an extensive cardiovas-
cular questionnaire, according to Rose and Blackburn,15
and from clinical records, including cardiovascular risk fac-
tors andmedication use. Aneurysm diameter was assessed by
computed tomography angiography or magnetic resonance
angiography.
Aneurysm tissue processing. A transperitoneal
approach was used for AAAs and a posterior approach for
PAAs, both suitable for tissue harvesting purposes. During
surgery, a part of the aneurysm wall was collected next to
the arteriotomy at the site of maximum diameter. The
specimen was immediately transported to the laboratory
and cut into 5-mm segments. The middle segment was
ﬁxed in 4% formaldehyde and embedded in parafﬁn for his-
tology. A series of stainings was performed on consecutive
slides: hematoxylin and eosin for overview, elastin-van
Gieson for elastin, Sirius red for collagen, Perls for iron,
a-smooth muscle actin for smooth muscle cells, CD68
for macrophages, CD45 for lymphocytes, CD3 for T lym-
phocytes, CD20 for B lymphocytes, and CD138 for plasma
cells. Extracellular matrix (elastin, collagen) components
and iron were assessed on a scale of 0 to 3 (0, no staining;
1, minor staining; 2, moderate staining; and 3, heavy stain-
ing). In the media, the percentage of elastin ﬁber disrup-
tion was scored (the part of the media where no elastic
ﬁbers were present). The different inﬂammatory cells
were also scored on a scale of 4 at 100 magniﬁcation
per representative ﬁeld: 0 (no), <50 positively stained cells;
1 (minor), 50 to 100 cells; 2 (moderate), 100 to 150 cells;
and 3 (heavy), >150 cells. Two independent observers
(R.H., C.P.), who were blinded from clinical data and lab-
oratory results, scored all stainings separately in the intima,
media, and adventitia. Our semiquantitative analysis ofvessel wall histology is well reproducible, both intraob-
server and interobserver, as we showed before.16
The adjacent segment was used for protein extraction
by Tris isolation (Roche, Basel, Switzerland) and subse-
quent protein concentration assessment with the BCA pro-
tein assay kit (Pierce Biotechnology, Rockford, Ill)
according to the manufacturers’ protocol. Matrix metallo-
proteinase (MMP) activities were determined with the
Amersham MMP-2 and MMP-9 Biotrak Activity Assay sys-
tem (GE Healthcare Limited, Amersham, UK). Levels
were quantiﬁed in the aneurysmal wall by ﬂuorescent
bead immunoassay (Bender MedSystems, Vienna, Austria)
for the following cytokines: interleukins 1b, 2, 4, 5, 6, 8,
10, and 12p70; interferon-g; and tumor necrosis factor a
and b. All assays were used in accordance with the manu-
facturers’ guidelines and were tested and used in several
of our previous studies.13,17-21
Statistical analyses. Data are presented as median
with interquartile range (IQR) or as number with percent-
age of total for discrete variables. Continuous variables
were compared by the Mann-Whitney test or Spearman
nonparametric correlation, where appropriate, and discrete
values were tested by the c2 test. Probability values of <
.05 were considered signiﬁcant. All analyses were per-
formed with SPSS 15 software (SPSS Inc, Chicago, Ill).RESULTS
Arterial tissue was collected from 38 PAAs of 36 patients
and 198 AAAs of 198 different patients. Baseline character-
istics of the study groups are reported in Table I. Most pa-
tients were men, which was even more pronounced in the
PAA patients (82% vs 95%, respectively; P ¼ .040). The pa-
tients with PAA were younger (median [IQR], 65.0 [60.0-
73.0] vs 71.0 [64.7-76.0] years; P ¼ .010) and had more
Fig 1. Representative histology for popliteal artery aneurysm
(PAA) and abdominal aortic aneurysm (AAA). Photomicrographs
show a composite of hematoxylin and eosin (HE) and elasticevan
Gieson (EvG) stainings. The location of the different layers is
marked: I, intima;M, media;A, adventitia. Note the location of the
inﬂammatory inﬁltrate, the intima in PAA and the adventitia in
AAA. Furthermore, few elastin ﬁbers remained present in both
specimens, and cholesterol clefts and little amount of calciﬁcation
are present in the intima of the AAA. Scale bars represent 0.5 mm.
Table II. Histologic characteristics of structural arterial
wall components
Aneurysm wall
characteristicsa
AAA
(n ¼ 198)
PAA
(n ¼ 38) P value
Intima
Cholesterol core,
presence
108 (55) 6 (16) <.001b
Collagen 67 (34) 22 (58) .010b
SMC 45 (23) 14 (37) .076
Media
Elastin disruption, % 40 (10-80) 25 (10-95) .841
SMC 68 (34) 13 (34) .988
Adventitia
Collagen 148 (75) 18 (47) .003b
SMC 75 (38) 5 (13) .011b
Iron deposition,
presence
1 (1) 26 (68) <.001b
AAA, Abdominal aortic aneurysm; IQR, interquartile range; PAA, popliteal
artery aneurysm; SMC, smooth muscle cells.
aContinuous data are presented as median (interquartile range) and cate-
gorical data as number (%).
bP < .05.
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elsewhere (53% and 12%; P < .001; Table I).
Representative histology is shown in Fig 1. Histologic
characteristics of the structural wall components for both
aneurysm groups are reported in Table II. The intima of
AAAs showed cholesterol cores more frequently than the
intima of PAAs (55% vs 16%; P < .001). The media layer
was similarly degraded in PAAs and AAAs, not showing dif-
ferences in elastin disruption (25 [IQR, 10-95] and 40
[IQR, 10-80]; P ¼ .841) or staining for smooth muscle
cells (34% and 34%; P ¼ .988).
The focus of inﬂammation was the intima in PAAs and
the adventitia in AAAs, as is shown for the different
assessed inﬂammatory cells in Fig 2 (proportions are also
listed in the Supplementary Table). Remarkably, PAAs
had far more iron deposits in the adventitia (68% vs 1%;
P < .001; Fig 3).
Cytokine levels showed a more pronounced inﬂamma-
tion in AAAs than in PAAs for the following: interleukins
1b, 2, 4, 5, 8, 10, and 12; tumor necrosis factor a and b;
and interferon-g (Table III). MMP-2 activity was higher
in PAAs (0.187 [IQR, 0.100-0.391] vs 0.363 [IQR,
0.174-0.556] ng/mL; P ¼ .008), whereas MMP-9 activity
was similar in both aneurysms (0.203 [IQR, 0.032-0.767]
vs 0.258 [IQR, 0.000-0.637] ng/mL; P ¼ .401).
DISCUSSION
To our knowledge, this is the ﬁrst study to systemati-
cally report histologic characteristics in the different layers
of the PAA. Given the frequent association with AAA,
the coincidence in patients, and the comparison in theliterature, these aneurysms were used as a reference, and
marked differences were found.
The frequent presence of iron depositions in PAAs with
virtually no depositions in AAAs marks an important differ-
ence. Iron remnants are long-term results from hemor-
rhages,22 and this ﬁnding might point to a different
etiology as iron depositions resulting from degraded eryth-
rocytes after intramural hemorrhage have also been reported
to promote atherosclerotic plaque formation.23 Further-
more, mural iron depositions have also been described in
saccular intracranial aneurysms.24 Intramural bleeding can
point to a healed dissection or repetitive smaller tears of
the connective tissue, or both. This might be explained by
structural factors, including turbulent blood ﬂow in associa-
tion with arterial branching points and wall fatigue second-
ary to repeated knee ﬂexion.11 Alternatively, similar to
atherosclerosis,25 the intramural microvessels in popliteal ar-
teries might be leaky, resulting in intramural hemorrhages,
which in turn poses a more likely route for the intramural
iron in intracranial aneurysms.
MMP-9 is the most abundantly present protease and
the most frequently investigated MMP in AAAs.26 Given
the similar levels in AAAs and PAAs, MMP-9 appears to
be a common factor and likely is vital for aneurysm forma-
tion in general. MMP-2 is able to degrade elastic ﬁbers in-
side the vessel wall, which is suggested to be an early step in
aneurysm formation, making it an early catalyst in patho-
genesis.27 MMP-2 proved more active in PAAs in the cur-
rent study despite lower numbers of inﬂammatory cells;
however, it can also be produced by smooth muscle cells.28
The different location and extent of the inﬂammation in
PAAs and the higher levels of active MMP-2 also pose
the question of whether PAAs represent early stages in
aneurysm formation, only being detected early because of
their clinical symptoms. We previously showed circumfer-
ential heterogeneity inside the AAA wall, suggesting the
Fig 2. Comparison of inﬂammatory cell presence on histology in popliteal artery aneurysm (PAA) and abdominal
aortic aneurysm (AAA). Per representative ﬁeld: white represents <50 cells, light gray represents 50 to 100 cells, dark
gray represents 100 to 150 cells, and black represents >150 cells. Refer to the Supplementary Table for individual
proportions. ***P < .001.
Fig 3. Representative Perls staining for popliteal artery aneurysm
(PAA) and abdominal aortic aneurysm (AAA). Blue staining re-
veals the presence of iron. Scale bar indicates 0.1 mm.
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ﬂammatory cells, cytokines, proteases, and microvessels.19
The current study conﬁrms that the adventitia hosts the
majority of inﬂammatory cells together with higher levels
of cytokines in AAAs, which is in line with current hypoth-
eses on rupture pathophysiology.29,30
Cholesterol core presence as a marker for more
advanced atherosclerotic lesions was more pronounced in
the intima of AAAs. We recently demonstrated that low
inﬂammation in AAAs was associated with more atheroscle-
rotic risk factors, more advanced local atherosclerotic le-
sions, and more postoperative atherosclerotic events,
which suggests that approximately half of the AAAs have a
pathophysiologic mechanismmore closely related to athero-
sclerosis.20 It remains unknown whether PAA pathogenesis
has close ties to atherosclerosis; however, the lower amount
of advanced local atherosclerotic lesions suggests otherwise.
As in other muscular arteries, the diameter of the popli-
teal artery increases with age, being affected by age and
body size, and it is larger in men than in women. With ag-
ing, the popliteal artery also suffers from a decreased
distensibility, which is more pronounced in men than in
women. These changes do not ﬁt the characteristics of a
true muscular artery because, for example, this does not
occur in the common femoral artery but is similar to the
pattern observed in a large elastic artery such as the
aorta.1,31 Despite original differences in histologic compo-
sition between the aorta and the popliteal artery (elastic vs
muscular), aneurysm formation resulted in a similar
degraded media in our study. Previous smaller studies sug-
gested a common etiology for AAAs and peripheral aneu-
rysms. A central role for smooth muscle cell apoptosis was
proposed, whichwas also observed inAAAs and other periph-
eral aneurysms.32,33 Another study reported amarked overlap
in inﬂammation between AAA and PAA.34 Unfortunately, inthese studies, differences in wall layers remained unreported,
and the focus was the inﬂammatory inﬁltrate. The present
study shows that compared with AAAs, the media in PAAs
is similarly degraded.
The focus on different layers in the arterial wall also
proves important in assessing the inﬂammatory inﬁltrate.
Whereas previous smaller studies investigated the inﬂam-
matory inﬁltrate in general, we show that the focus of
inﬂammation in the PAA lies in the intima rather than in
the adventitia, as in the AAA. Our ﬁndings might explain
the difference in symptoms between a PAA and an AAA:
the intima is adjacent to the mural thrombus or lumen
and is likely to inﬂuence processes such as thromboembo-
lism or thrombosis as seen in PAAs, whereas the nature of
AAAs is one of expansion and rupture.
Our study design was hampered by not being able to
assess temporal changes in the aneurysm walls, which holds
true for all current aneurysm-related research on human
material. Aneurysmal disease is characterized by a large
proportion of men, which is often described for AAAs
Table III. Protease and cytokine levels
Aneurysm wall characteristics AAA (n ¼ 198) PAA (n ¼ 38) P value
IL-1b 0.00 (0.00-0.45) 0.00 (0.00-0.00) <.001a
IL-2 1.87 (0.78-3.96) 0.00 (0.00-0.81) <.001a
IL-4 0.00 (0.00-0.81) 0.00 (0.00-0.00) <.001a
IL-5 0.81 (0.09-2.42) 0.00 (0.00-0.00) <.001a
IL-6 1.12 (0.26-6.97) 3.55 (1.11-8.29) .101
IL-8 22.85 (10.13-50.46) 9.47 (3.09-29.94) .024a
IL-10 0.28 (0.00-1.11) 0.00 (0.00-0.33) .007a
IL-12 0.35 (0.00-1.24) 0.00 (0.00-0.00) <.001a
TNF-a 0.21 (0.00-0.73) 0.00 (0.00-0.06) <.001a
TNF-b 0.40 (0.00-2.20) 0.00 (0.00-0.00) <.001a
IFN-g 0.68 (0.01-1.74) 0.00 (0.00-0.00) <.001a
Active MMP-2 0.187 (0.100-0.391) 0.363 (0.174-0.556) .008a
Active MMP-9 0.203 (0.032-0.767) 0.258 (0.000-0.637) .401
IFN, Interferon; IL, interleukin; MMP, matrix metalloproteinase; TNF, tumor necrosis factor.
Cytokine levels are in pg/mL; MMP activities are in ng/mL.
Data are presented as median (interquartile range).
aP < .05.
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99.8%.9,35 This is also the case in our study. The lower
age in the PAA group might be explained by the occur-
rence of symptoms leading to an earlier diagnosis and treat-
ment. Gender and age are not likely to have inﬂuenced our
results because the absolute differences are small and no in-
ﬂuences on wall composition have been reported.CONCLUSIONS
Inﬂammation in the PAA is mainly located in the in-
tima, whereas the degree of inﬂammation in the AAA is
more pronounced and its focus is the adventitia. In addi-
tion, PAAs show more iron compared with AAAs, indi-
cating previous intramural hemorrhages, which might be
explained by more (repetitive) external trauma in the
PAA through bending of the knee and turbulent ﬂow,
resulting in tissue tears, or alternative routes, such as
through leaky vasa vasorum. Our results suggest differences
in the mechanism of aneurysm formation between both lo-
cations, and this might explain the difference in presenting
symptoms.
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PAAa
PNo Minor Moderate Heavy
21 28 28 24 .799
44 44 8 4 <.001b
78 7 15 0 <.001b
69 21 7 3 <.001b
41 24 31 3 .075
59 37 4 0 <.001b
78 11 11 0 <.001b
83 10 7 0 <.001b
